An experimental setup designed to capture the saturated surface dry (SSD) state of 5 porous fine aggregates incorporating significant amounts of fines is presented. This 6 setup is validated upon testing fine aggregate sources with different water absorption 7 values up to 5.6 %, and at least 8 % of fines. Test duration is found to lie in the 120-to-8 240-minute-range, depending on test sample initial mass and water content. Several 9 procedures for calculating the water content in SSD state are presented and discussed. 10
Introduction 23
Short term and long term performances of cement concrete are known to 24 depend on effective-water-to-cement ratio (W eff /C), where effective water refers to 25 water available for cement hydration. Effective water may be defined as the total mass 26 of water contained in the cement concrete (W tot ) less the mass of water retained by the 27 aggregate fractions. For a given aggregate source, this 'retained water' is known to 28 increase with decreasing size fraction, especially in the fine fractions 0/4 or 0/5 mm. The 29 maximum retained water is routinely though disputably [2] assessed by the 'water 30 absorption' value (WA) -mass of water penetrating the voids of particles during a 31 prescribed period of time, routinely 24h, expressed as a percentage of the oven-dried 32 mass of the aggregate sample [1] . For a long time, the large quantities of fine aggregates 33 needed for cement concrete production have been purveyed almost exclusively by 34 natural fine aggregates (NFA) from alluvial or limestone deposits, whose WA values are 35 known to be low (< 1%). In the recent years, the shortage of alluvial sources and waste 36 storage capacity limitations have given rise to a worldwide interest in abundant 37 alternative fine aggregate sources such as recycled concrete fine aggregates (RCFA) . 38
However, their use is still limited due to high WA values in the range 6-10 % [3, 4] . 39
Indeed, adjusting the W eff /C ratio of fresh cement concrete becomes much more 40 difficult when fine aggregates with high WA value are incorporated, since they may add 41 or subtract water allotted for cement hydration, thus impact its short term workability 42 as well as mechanical and durability performances in hardened state [5] [6] . Khatib [7] 43 reported the good workability of fresh cement concrete incorporating 100% RCFA with 44 additional water to reach W tot /C = 0.5 (no plasticizer); however, he also noted a 45 compressive strength drop down to 35% after 28 days of curing and a drying shrinkage 46 increase up to 50% when compared with a reference cement concrete incorporating 47 NFA exclusively. Reducing the W tot /C ratio upon using an admixture allows both to 48 maintain sufficient workability and prevent compressive strength drop, but concrete 49 properties in hardened state are still impacted: splitting resistance may decrease by 50 30%, water absorption and sorptivity may increase by 46% and 70% respectively with 51 respect to corresponding values of the reference cement concrete. As a consequence, 52 external fluids may penetrate the concrete microstructure and introduce deleterious 53 substances such as carbon dioxide and chloride ions, causing concrete carbonation and 54 steel corrosion respectively [8] . 55
The water absorption of alternative fine aggregates such as RCFA having 56 significant implication on W/C ratios for concrete mixtures, determining it accurately is 57 critical [4] . Therefore, most test methods consist of drying a pre-saturated sample until 58 achievement of the state under which particles surface is free of vaporizable moisture 59 but their accessible pores remain saturated with water, called saturated-surface-dry 60 state (SSD, see Figure 1 ), then in promptly weighing the sample. To capture the SSD 61 state, some methods focus on the visual detection of test portion color change when 62 particles become free of surface vaporizable moisture [9, 10] . Others track the slump of 63 a cone-shaped test portion [1, 11, 12] consists in air drying a pre-saturated fine aggregate sample placed into a rotating drum 88 closed at both ends by 0.075 mm square mesh screens, while recording the temperature 89 gradient between drum inlet and outlet as well as relative humidity at drum outlet. The 90 drying phase is stopped and the sample is weighed when the temperature gradient or 91 relative humidity curves evidence breakpoints similar to those shown on Fig. 2,  92 presumably representative of SSD state according to the authors. The latter assimilates 93 the drying of soaked aggregates at rest in a chamber to the evaporation of water from a 94 porous medium at constant air temperature. Though promising, these two test methods have drawbacks: the drum method is 104 biased by a loss of fines through the screens and disassembly operations which delay 105 the weighing once SSD state is achieved; the drying chamber is unsuitable for uniformly 106 drying polydisperse fine aggregates at rest due to crusting effects [22] . In order to determine the water absorption of fine aggregates incorporating 116 fines, the present paper introduces an improved experimental setup designed to 117 capture the SSD state and measure the water content in this state. Section 2 describes 118 the experimental setup and the test program designed for its validation. Section 3 119
investigates the presence of breakpoints on various curves representing recorded data 120 and discusses methods for assessing the water content in SSD state. 121 122
Experimental setup and test program 123 a. Experimental setup 124
The experimental setup used to capture the SSD state is inspired from early 125 development by Dana et al [20] and subsequent development by Kandhal et al [19] . As 126 shown in Fig. 4 , it is composed of a hair dryer that blows warm air at one end of a 127 rotating drum, which is mounted on caster wheels and driven by a belt through a step 128 motor. The drum incorporates flights to stir the test sample in order to achieve 129 reasonably uniform drying, as well as screens at drum inlet (0.063 mm opening) and 130 outlet to reduce aggregates loss. Temperature is measured by two probes located at 131 either ends of the drum and relative humidity is captured by a hygrometry probe 132 located at drum outlet. However, three major improvements have been implemented: 133 first, both the screen blinding and loss of fines issues reported by Kandhal et al [19] have 134 been sorted out using respectively an outlet screen with a wider opening (0.5 mm), and 135 a fines collector consisting of a simple vortex system equipped with a cup, in which fines 136 will remain trapped till the end of the test (see For each material source, three 0/4 mm test samples were prepared with 170 random dry masses and initial moisture contents as mentioned in Table 2 . Moisture 171 content differences were obtained upon immersing each sample for at least 24h (96 h 172 for RCFA, see Table 1 ) and then letting it drain at room temperature for some time. 173
Samples were subsequently introduced into the experimental setup and air dried until 174 their masses reach equilibrium. Meanwhile, room, drum inlet and outlet temperatures 175
were recorded every second, as well as relative humidity. Every minute, the drum 176 rotation was stopped for a few seconds in order to record the mass of the loaded 177 experimental setup. Once the mass equilibrium was achieved, each sample was further 178 oven-dried at 105°C until constant mass in order to assess its dry mass according to EN 179 1097-5. 180 Furthermore, despite the absence of a transition phase that may be explained by 198 a rather low thermal inertia of the experimental setup, any curve in Fig. 6 evidences a  199 linear phase depicting the evaporation of surface water at constant rate. This phase is 200 followed by a non-linear one at decreasing evaporation rate, which corresponds to the 201 evaporation of absorbed water. These similarities with the drying theory suggest using it 202 in order to assess the SSD state separating these two phases. 203 Given the experimental setup used to dry a test sample, assessing its SSD state 208 from the water content versus time curve according to the drying theory principles 209 requires the following three assumptions be made: first, the stirring action of flights 210 inside the rotating drum ensures fairly homogenous drying; second, as long as free 211 water (i.e. not retained by the aggregate) may evaporate, the air/aggregate exchange 212 surface has a constant area that remains saturated; last, variations of the laboratory 213 temperature, relative humidity and air generator temperature are neglected. 214
Under these assumptions, the evaporation rate during the linear drying velocity 215 phase is controlled exclusively by the air/aggregate exchange surface area and the 216 thermodynamic characteristics of the humid air inside the rotating drum (relative 217 humidity and temperature). Hence it may be expressed as [22] : 218 Upon integration, equations (1) and (2) yield the following system of equations: 242
Where W 0 is the water content at t=0 according to the linear fit, t SSD is the drying time 244
when W = W SSD and C 3 is a constant. For each curve depicted on Fig.6, constants C 1 , W phases. This may be checked upon equalizing equations (1) and (2) when W=W SSD [22] , 257 which yields the following relation: 258
For each tested sample, Table  3 displays the values of 260 
263
| − $$% − | ⁄ which range between 2 and 20%. These low deviations to 264 zero might reflect minor diffusion phenomena, whose study falls beyond the scope of 265 the present paper. 266 Table 3 also gathers water content values calculated for each test sample from 267 equation (4). Mean water content values in SSD state for sand-lime alluvium, limestone 268 and RCFA are 2.6, 2.7 and 6.7 % respectively. As expected, observe that these values are 269 higher than corresponding WA 24 values reported in Table 1 state is reached. Nevertheless, the outline of curves depicted in Fig. 8 looks similar to  326 that of water vapour desorption isotherms: a fairly flat phase at the end of the drying 327 operation (relative humidity about 10-15%) corresponds to minor water content shift; 328 this phase is preceded by a steep one evidencing important water content change at 329 higher relative humidity (typically about 15 to 25% depending on material tested). The 330 transition between these two phases may well be seen as the drying point beyond 331 which water becomes much harder to eliminate from the material. In other words, this 332 point is representative of the retained water content assessed by the SSD state. In order 333 to precisely locate this transition point on each curve shown in from actual curve, which may be identified graphically. For each curve depicted in Fig. 8,  344 a blue arrow spots this transition point, whereas the intersection point of two 345 perpendicular dotted lines highlights the achievement of the SSD state as determined 346 from Table 3. Observe that the transition point provides a very good assessment of the 347 SSD state, as confirmed by the last three rows of Table 3 . 348
Although the experimental setup was found able to assess the water content of 371 fine aggregates incorporating fines in SSD state -even in the case of recycled concrete 372 fine aggregates thanks to moderate drying -, several perspectives should be pointed out. 373
First, recorded curves tend to be noisy, which causes results scattering that could be 374 avoided by using a more stable hot air generator setup. Second, test duration could be 375 reduced upon optimizing the sample mass. Next, automation of the device would make 376 no difficulty. Eventually, more theoretical work is needed to model the full outline of 377 water content versus relative humidity curves determined using the experimental setup. 378 379
